With the wider integration of renewable energy, the reliability performance of microgrids becomes a pressing issue because most renewable energy sources are intermittent. As power electronic systems play an increasingly important role in serving as interfaces for enabling renewable energy integration in microgrids, the reliable performance of power electronic systems is crucial in guaranteeing the overall microgrid reliability. However, the operational reliability evaluation considering power electronic influence was rarely studied. This paper aims at evaluating the reliability of microgrid considering the effect of power electronic devices. A new operational reliability model is proposed and a case study is carried out.
I. INTRODUCTION
The wider deployment of microgrids can bring about potential benefits to the power system, such as power quality, reliability, and security for end users and operators of the power grid. In recent years, many studies have been performed to evaluate the reliability of microgrids. Most early research is focused on the influence of microgrids on the reliability of the distribution system [1] - [3] . The failure rates of components as well as system reliability indices can be influenced by varied operational states of generators, energy storages and protection systems in microgrids. Based on this fact, some progress has been made in [4] which proposes a short-term outage model under different operating states and environment conditions to evaluate the operation reliability of microgrids. It is a relatively comprehensive reliability assessment model available so far. In [5] , the microgrid operational reliability is calculated by studying the quantitative effect of protection system on microgrid reliability. However, the existing work did not take the varying environmental conditions into consideration in the reliability evaluation.
As more and more power electronic equipment is being integrated into microgrids, the reliability performance of power electronics plays an increasingly important role in ensuring the overall microgrid reliability. In recent years, there have been studies on power electronics reliability. Reference [6] provides a review of reliability evaluation of power electronics, and reference [7] introduces an extensive set of applications of FIDES model in reliability assessment of power electronic devices. Power electronic technologies provide a compact and efficient solution for power conversion, based on which the reliability of the small wind power converter system is evaluated in [8] . The paper considers the relationship between power loss and power electronics failure rates without considering the impact of the system's operating states. In [9] - [14] , the power electronics reliability is evaluated by taking the mission profile into consideration. Generally, thus far the effect of power electronic devices on microgrid reliability was not adequately discussed in the existing research. Thus, this study aims at conducting further study for quantifying the effect of power electronic devices on the overall microgrid reliability, especially from the operational reliability perspective.
The paper is organized as follows. Section II calculates the failure rates of power electronic devices by establishing the model; Section III presents the model for microgrid reliability evaluation considering power electronic devices, and a comparison is made under different situations. A conclusion is drawn in Section IV.
II. FAILURE RATES OF POWER ELCTRONICS

1) Output Power of Renewable Energy Resources A. Wind turbine generators
The output power of WTG varies with the random variation of wind speed [10] . First the relationship between the wind speed and windfarm output is expressed as equation (1):
where is the power output of the wind turbine, is the wind turbine rated output, is the wind speed, and and are the cut-in and cut-out wind speeds, respectively.
B. Photovoltaic arrays
The output power of photovoltaic arrays is mainly affected by the illumination and ambient temperature. According to [10] , the output power can be calculated as equation (2)
where is output power of the photovoltaic array, is the rated output of the photovoltaic array, is the ambient temperature, is the illumination, is the reference temperature, and is the reference illumination.
C. Charging Control for the Energy Storage
978-1-5386-8549-5/18/$31.00 ©2018 IEEE In this study, the microgrid is operated in the islanded mode, meaning that loads are supplied by either the renewable energy sources or the energy storage. The load point is restored in accordance with its electrical distance with the micro-source, and the algorithm in [10] is adopted here. If the total capacity is larger than the total load demands in the system, then the energy storage equipment will be charged. Assume that the energy storage is large enough to store all the remaining capacity.
Based on that, the input or output power of the energy storage terminal ( ) can be expressed as equation (3):
where is the output power of the i-th micro-source, is the number of microsources, is the load at the j-th load point, and is the number of load points.
2) Calculating the Power Loss of Converter
According to the operating characteristics of the VSC, the power loss of the VSC is that of each diode and IGBT in the VSC [25] . The loss on each diode and IGBT can be expressed as equations (4) and (5) [37], [39]:
where and are the voltage drops across the diode and IGBT respectively; and are the conduction resistance of the diode and IGBT respectively;
is the rated switching loss on the diode, and are the power losses of IGBT during the operation;
is the DC link voltage; are the reference commutation currents of diode and IGBT respectively; is the modulation index; and is the angle between the voltage and current.
In formula (4) and (5), is the peak value of phase current, which can be approximately calculated by (6) [37]:
where is the output power of the micro-sources, and is the line-to-line voltage on the generation side or the grid side.
Based on the power losses on each IGBT and diode, the total power losses of the converter can be calculated by equation (7):
where is the number of IGBTs involved in the converter and is the number of diodes included in the converter. Then, the temperature rise in the converter can be calculated as (8) [37]:
where ambient temperature is denoted by , and thermal resistance from the heatsink of the power electronic module to the ambient is denoted by ℎ .
3) Calculating Failure Rates of Power Electronic Modules
In this study, with the application of short-term model, the failure rate in each hour is evaluated that only includes a single phase of operation. Therefore, the failure rate of power electronic equipment can be calculated as equation (9) [18]:
where Π is the manufacturing factor reflecting the quality of the component, Π is the factor that reflects the aging quality of the component during its life cycle, Π is the factor reflecting its overstress ability, Π − and Π − are basic failure rates influenced by mechanical/humidity and factors temperature/thermal cycling, respectively, and , , , are the basic failure rates related to temperature (temperature, thermal cycling, mechanical factor and humidity).
III. CASE STUDY
A case study is carried out by using Matlab simulation tool. The microgrid used in the case study is illustrated in [15] , and the diagram of the system is shown in Figure 1 . Because of the volatile and intermittent renewable generation, the power electronics failure rate varies all the time. Since this paper aims at studying how the changes of power electronics failure rates can affect the microgrid reliability, the failure rates of wind turbine, PV arrays and battery are selected according to literature [16] , [17] , [18] and keep constant during the studied period. Specifically, the failure rate of the wind turbine is chosen as 2.5 f/yr, the failure rate of PV arrays is 5 f/yr, and the failure rate of the battery is 2 f/yr. For breakers, the rejection of breakers is mainly caused by malfunction so that the failure rate is chosen as 8 f/yr in [15] . Figure 2 . A simple RBD example [3] In Figure 2 , if λ1 is the failure rate of "A", λ2 is the failure rate of "B", and λ3 is the failure rate of "C", R(t) and
MTTF of the diagram in Figure 2 . become formulas (10) and (11) . In this paper, all the failure distributions are assumed to be based upon exponential distributions. 
With RBD, we can draw the load configuration for each load. According to different load configurations, this system can be simplified into five sub-systems and the associated diagrams are depicted below. Here, λc1, λc2, λc3, λc4, λc5 are the failure rates of power electronic converters of three PV arrays, one wind turbine, and one battery, respectively. Br  is the failure rate of the breaker.
For subsystem 1 which consists of load 1,3,4: The RBD of subsystem 1 is shown in Figure 4 : The RBD of subsystem 2 is shown in Figure 6 :
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OUT IN Figure 6 . RBD of the micro-grid to support load 5
For subsystem 3 which includes load 6, we have: The RBD of subsystem 5 is depicted in Figure 12 :
OUT IN Figure 12 . RBD of the micro-grid to supply loads 10, 11,12. Next, the energy availability for this microgrid system is calculated. The 24-hour wind speed, ambient temperature and solar insolation for Milwaukee, USA in 2011 were used and given as Figure 13 : The above curves indicate the wind speed, ambient temperature, and illumination, respectively. We can find that the peak of the wind speed and illumination are both at 13:00 and the peak of the ambient temperature is at 16:00.
The real-time availability for the wind turbine converters is calculated in Figure 14 : Figure 14 . Availability for wind turbine converter.
As we can see, for the wind turbine converter, it reaches its lowest point at 16:00. This is because the ambient temperature is the highest at that time, which causes a high failure rate. For the PV converter, its availability reaches its lowest point at 13:00, also due to the highest failure rate because of the high illumination. For the ES converter which reaches its lowest point at 1:00 due to the failure rate is highest at that time. Therefore, the mean time to failure of the sub-systems above can be computed as equation (12) Then for the five subsystems, the real-time availabilities for the five subsystem converters are calculated in Figure 15 : From the figure, we can find that the five curves (except for the black one) exhibit the same trend, which reach their lowest point at 13:00. This is because of the high illumination at that time, which causes highest failure rate in power electronics. The black curve reaches its lowest point at 16:00 because of the highest temperature at that time. As a result, the availabilities can be expressed in a descending order as follows:
It is not difficult to find that in the studied microgrid, the more micro-sources the subsystem has, the higher the availability it is.
In order to observe the impact of individual power electronic subsystems, the five subsystem availability indices are calculated again only considering the failure rate of the wind turbine, PV arrays and the battery respectively, and the associated indices are shown in Figure 16 : Comparing Figure 15 . with Figure 16 , it can be seen that in the two cases, results of each availability are different. Without consideration of power electronics, the availability of subsystems did not fluctuate at all. Moreover, the availability order among the five sub-system also change. It still shows that sub-system with more micro-sources has higher availability, for the sub-systems with the equal number of micro-sources, the results largely depend on the effect of power electronics. Take subsystem1 and subsystem3 as an example, the availability for subsystem1 is higher than that of subsystem3 when the failure rates of power electronics are considered. This is because when the power electronics are considered, the total failure rate of subsystem1 is lower (thus the MTTF is larger), making the availability of subsystem1 larger than subsystem3.
b) Short-term outage model
A short-term outage model is used to calculate system short-term reliability indices in microgrids. Three short-term reliability indices in microgrid system are defined as same as the ones deployed in distribution systems, namely system average interruption frequency index (SAIFI), system average interruption duration index (SAIDI), and energy not supplied index (ENS) [16] .
Their corresponding definitions can be described as equations (17)~ (19) :
where , is the failure rate for load point i, is the outage time for load point I, is the number of customers that the i-th load point supplies, ∆ is the time interval to calculate the reliability of the real time operation, and is the load not supplied at the i-th load point.
A short-term outage model can be used to calculate the system average short-term outage time, average failure rate, and the outage time for each load. 
where 1 , 2 , ⋯ , are the outage time for each load point, 1 , 2 , ⋯ , are the failure rates of each micro-source in system which include both the failure rate of the power electronics and the micro-source itself, matrix is the repair time, and is the repair time at load point . The following cases shown in Table 1 . are tested to examine the effects of power electronics and micro-sources (numbers and types) on the reliability of microgrid. Comparative results of four cases are shown in Figure  17 Table 2 : 1) Comparing case 1 and case 2, there is a noticeable change in SAIDI and SAIFI values which are larger when the failure rates of power electronics are taken into account. This is because the total failure rate of each micro-source is larger with the consideration of power electronics, then the outage time for each load is larger, causing SAIFI and SAIDI larger as well. The result indicates that the reliability of power electronics has a significant impact on the microgrid operational reliability indices. In other words, if it is not taken into account, the reliability estimate will not be adequately accurate.
The comparison of system reliability indices is shown in
2) The number of micro-sources has a positive effect on the average loss of load (ENS) which is verified by comparing case 1 and case 3, or case 3 and case 4. This is because the generation capacity (which is a deciding factor of ENS) is larger with more micro-sources; On the other side, more micro-sources lead to larger component failure rates, resulting in increased SAIFI and SAIDI.
3) Compared with case 1, case 4 changes the microsource type at No. 6 bus from a wind turbine generator to a photovoltaic array. SAIFI and SAIDI decrease as the failure rate of the PV converter is smaller than the WTG converter; and ENS increases because the capacity of WTG is larger and more stable than PV, resulting in ENS being lower than that of PV. In other words, the types of micro-sources should be meticulously designed according to the needs of the specific system when planning the microgrid.
IV. CONCLUSION
This paper studies the operating reliability considering power electronics for the microgrid system and a case study is carried out. The results show that when the real-time meteorological conditions change, the failure rate of the converter for micro-sources will produce the corresponding change. The availability for each subsystem varies evidently with different operating and environment conditions. Besides, power electronics have a significant effect on the reliability indices, especially SAIFI and SAIDI. In sum, the reliability of microgrid system depends on a myriad set of factors including the available generation capacity and type, load requirements, and the failure rates of the associated components.
